Irrigation with moderate salinity stress in a hydroponic system improves the inner and outer fruit quality of tomato (Solanum lycopersicon Mill. 'House Momotaro'). We investigated the effects of 50 mM NaCl in a hydroponic solution on the levels of various metabolites, including soluble sugars, amino acids, and organic acids, and on the expression levels of salinity-responsive genes during fruit development. Under salinity, Brix (%), surface color density, and flesh firmness of the fruit were significantly enhanced, whereas fruit enlargement was suppressed. Salinity stress strongly promoted the accumulation of sucrose, citrate, malate, and glutamate, and slightly promoted glucose and γ-amino butyric acid in red fruit. At the transcriptional level, up-regulation of ethylene-synthetic 1-aminocyclopropane-1-carboxylate oxidase and down-regulation of photosynthetic chlorophyll a/b binding protein Cab-1B occurred earlier in stressed fruit than in control fruit. Additionally, the carotenoidbiosynthesis regulatory gene, Phytoene synthase 1, and phosphoenolpyruvate carboxykinase (PEPCK) were upregulated under moderate salinity in the red stage. The expression profiles of these genes in stress-treated fruit were consistent with the changes in fruit quality, including earlier ripening and a deeper red color. Furthermore, the up-regulation of PEPCK suggested that gluconeogenesis is involved in the accumulation of sugars in salinitystressed fruit.
Introduction
Salt injury is one of the most serious worldwide problems in the agricultural infrastructure, especially in areas affected by drought. Excessive salt exposure causes a reduction in the quantity and quality of crop production. The salt tolerance of crops such as tomato has been investigated in wild and cultivated species (Bolarin et al., 1991; Rush and Epstein, 1981; Tal et al., 1979) . In response to salinity stress, tomato plants show a reduction in yield, with smaller fruit number and size and a higher proportion of blossom-end rot (Adams and Ho, 1989; Bernstein, 1964; Willumsen et al., 1996) . Meanwhile, salinity stress improves the nutritious quality of fruits by increasing levels of carotenoids, hexoses, organic acids, and amino acids (Adams, 1991; De Pascale et al., 2001; Gao et al., 1998; Ho et al., 1987; Krauss et al., 2006; Tal et al., 1979) . Such tomatoes are called "fruit tomatoes" and have recently become popular in the Japanese market due to their high fruit Brix (i.e., total soluble solid content) and excellent flavor. Although it causes a reduction in yield, irrigation under salinity stress in hydroponic systems like the Nutrient Film Technique (NFT) is gradually being developed to produce high-Brix fruit tomatoes in Japan, as well as in northern Europe (Adams, 1989 (Adams, , 1991 .
Many studies have attempted to understand the basis for plant tolerance to salt using model plants such as Arabidopsis and rice, and many stress responsive genes have been identified in the last decade (Apse et al., 1999; Kawasaki et al., 2001; Wu et al., 1996) ; however, the 62 stress conditions applied previously to model plants were too severe to extend to a study on the practical production of fruit tomato. Furthermore, since most investigations of fruit tomato have only considered the agronomic point of view, the enhancement of metabolite accumulation in salinity-stressed fruit has only been explained as a "concentration effect" that occurs with the reduction in fruit size (Ehret and Ho, 1986; Ho et al., 1987; Sakamoto et al., 1999) . Because of a lack of information on the gene expression profile, the mechanisms by which stress enhances the accumulation of metabolites such as sugars in fruit are not fully understood.
To elucidate the detailed physiological background of fruit tomato production, we investigated changes in fruit quality such as surface color, firmness, and the content of major metabolites, including soluble sugars, organic acids, and amino acids, in fruit grown at 50 mM NaCl of salinity (equivalent to electrical conductivity (EC) of 8.0 dS/m), which is the practical condition for fruit tomato production in Japan. We also report gene expression profiles relative to fruit ripening and sugar metabolism during development of the fruit tomato.
Materials and Methods

Plant materials
Seeds of Solanum lycopersicum 'House Momotaro' (Takii Seed Co., Ltd., Kyoto, Japan) were sown in moist vermiculite in a greenhouse. After germination, seedlings were transplanted into rockwool 5 cm per side and grown in the greenhouse for 1 month, supplied with a commercial nutrient solution (Otsuka A, Otsuka chemical Co., Ltd., Osaka, Japan) adjusted to EC 0.8 dS/m. Young plants were transplanted into an NFT system (Fig. 1A) , supplied with the commercial nutrient solution Otsuka B adjusted to EC 2.5 dS/m and grown until anthesis. After flowering, half of the plants were transferred to saline nutrient solution adjusted to EC 8.0 dS/m using NaCl, whereas the remaining plants were kept in nutrient solution at EC 2.5 dS/m as controls (Fig. 1B 
Estimation of fruit quality
The surface color of fruit was measured using a color meter (CR-100, Konica Minolta Holdings, Inc., Tokyo, Japan) to estimate "L", "a", and "b" indicating brightness and coloring from red (+) to green (−) and from yellow (+) to blue (−), respectively. Fruit firmness was determined using a leometer (NRM-2002, Fudou Manufacturing Co., Matsuura, Japan) with a 2 mm diameter plunger. Measurements were carried out at least three times for each fruit on different sides. The penetrating speed of the plunger was 50 mm·min −1
. Data were obtained from three fruits at 49 DAF for both sets of measurements. The total soluble solid content (Brix %) of fruits was determined using a hand refractometer (N-20E, Atago Co., Ltd., Tokyo, Japan).
Quantification of metabolites
The content and composition of soluble sugars, organic acids, and amino acids were determined using high performance liquid chromatography (HPLC). For these analyses, 10 g of frozen fruit was homogenized and centrifuged for 10 min at 10000 rpm at 4°C. For the soluble sugar assay, the supernatant was filtered through filter paper and then through a 0.45-µm filter (Millipore Corp., Billerica, MA, USA). For amino acid and organic acid analyses, 99% ethanol was added to a final concentration of 80% to remove proteins, and the supernatant was filtered through a 0.45-µm filter. Soluble sugars were separated at 80°C on a TSK-gel amide-80 column (250 × 4.6 mm i.d.) installed in the LC system 8020 series (TOSOH Co., Tokyo, Japan), and the refractive index (RI) was detected using an RI detector. The mobile phase was acetonitrile/water (75/25, v/v) at a flow rate of 1 mL·min −1 . Amino acids were determined by post-column fluorescence detection at 450 nm at 39°C with OPA/N-acetylcysteine using the Amino Acid Analysis System C-R7A/LC-10AS with a Shim-Pack Amino-Li column (Shimadzu, Kyoto, Japan). Organic acids were separated at 50°C on doubled Inertsil CX columns (5 µm, 250 × 4.6 mm i.d.; GL Sciences Inc., Tokyo, Japan) installed in the LC6 series (Shimadzu), and post-column coloring was detected using a reaction solution (0.1 mM bromothymol blue, 30 mM Na 2 HPO 4 ) at 405 nm. The mobile phase was 0.1% CF 3 COOH at a flow rate of 0.5 mL·min −1 . 
RNA isolation
Frozen fruits were ground in liquid N 2 mixed with RNA extraction buffer (100 mM Tris-HCl (pH 9.5), 100 mM LiCl, 10 mM EDTA, and 1% SDS) and TEsaturated phenol (1/1, v/v). The mixture was incubated first at 80°C for 15 min, then at room temperature for 20 min with shaking, and finally extracted three times with phenol/chloroform (1/1, v/v). After phase separation, the aqueous phase was rewashed with chloroform. Total nucleic acids were precipitated with a one-third volume of 8 M LiCl. The pellet was dissolved in 500 µL of diethyl pyrocarbonate (DEPC) water, extracted with phenol/chloroform (1/1, v/v), and rewashed with chloroform. Total RNA was precipitated using sodium acetate and 99% ethanol. The pellet was washed with 70% ethanol, dried, resuspended in DEPC water, and stored at −80°C until use.
Northern blot hybridization
Ten micrograms of total RNA was electrophoresed on 1.2% agarose gel containing 7% formaldehyde with 40 mM MOPS and blotted onto a nylon membrane (Hybond N + , Amersham Biosciences, Piscataway, NJ, USA) by capillary transfer (Sambrook et al., 1989) . The membrane was fixed under UV light and prehybridized in DIG Easy Hyb solution (Roche Diagnostics, Basel, Switzerland) for 1 h at 42°C. The following expressed sequence tag (EST) sequences used in Northern blot analyses as probes were obtained from cDNA libraries derived from tomato leaf and fruit of 'Micro Tom' (Yamamoto et al., 2005) , 1-aminocyclopropane-1-carboxylate oxidase 1 (Le-ACO1, GenBank accession number BP879866), Phytoene synthase 1 (Psy1, BP884954), chlorophyll a/b binding protein Cab-1B (BP897615), phosphoenolpyruvate carboxykinase (PEPCK, BP899541), metallothionein (LeMT B , BP902974), and a putative lectin protein (cLET21N20, BP880882). The DIG-labeled cDNA probes were prepared by amplifying the EST clones with the following oligonucleotide primers using a PCR DIG Probe Synthesis Kit (Roche Diagnostics): M13 Fw, 5'-CGTTGTAAAACGACGGCCAG-3', M13 Rev, 5'-CAGGAAACAGCTATGACCAT-3'. The probe was hybridized with the blot in new DIG Easy Hyb solution at 42°C overnight. The membrane was washed with 2 × SSC/0.1% SDS (v/v) for 5 min at room temperature, and then washed twice with 0.1 × SSC/0.1% SDS (v/v) for 15 min at 69°C. After washing, the membrane was preincubated for 30 min in 1% blocking solution (Roche Diagnostics) at room temperature, incubated with antidigoxigenin-AP Fab fragment (Roche Diagnostics) at room temperature for 30 min in the same solution, and then washed twice in non-specific antibody with washing buffer (0.1 M maleic acid, 150 mM NaCl, 0.3% detergent) for 10 min at room temperature. After incubation with a detection buffer (100 mM Tris-HCl (pH 9.5) and 100 mM NaCl) for 5 min at room temperature, the membrane was treated with CDP-Star (Amersham), and exposed to X-ray film.
Results and Discussion
Salinity stress promotes the accumulation of metabolites and changes fruit quality The effect of salinity treatment on outer fruit quality was estimated by the fresh weight, surface color, and firmness of the fruit. Under salinity stress, the fruit Brix rose from 6% to more than 7.7%, accompanied by a 10% decrease in fruit fresh weight and 21% shrinkage in cell size in the pericarp at 49 DAF (Fig. 2) . These results indicate that the Brix level was greater than expected from a concentration effect alone caused by a decrease in fruit size, suggesting another mechanism that promotes the accumulation of osmotic solutes. Furthermore, both fruit color a-and b-values and fruit firmness ( Table 1 ) also increased in stress-treated fruit. Increases in a-and b-values represent higher intensities of red and yellow, respectively. Arias et al. (2000) reported that red is correlated with the lycopene content in mature tomato fruit, indicating that salinity stress enhances the accumulation of lycopene in tomato fruit, as previously described by Petersen et al. (1998) and De Pascale et al. (2001) . The effect of salinity treatment on the inner fruit quality was also estimated by the soluble sugar, organic acid, and amino acid contents. The content of soluble sugars, i.e., glucose, fructose, and sucrose, gradually increased under both treatment and control conditions during the ripening process (Fig. 3) . In stress-treated fruit, the sucrose content rose by 4.7 times, whereas the glucose and fructose contents were not affected by salinity. As described by Hobson and Davies (1971) , the quantitative analysis of organic acids in fruits indicated that citrate and malate were major components under both treatment and control conditions. Although detectable, the concentrations of other organic acids were too low to quantify (data not shown). The citrate content in stress-treated fruit increased with ripening and was promoted 1.7 times compared to control fruit at 49 DAF (Fig. 4A) . Because the titratable acidity of stress-treated fruit was also 1.6 times higher than that of the control (data not shown), citrate levels would affect the total acidity of tomato fruit. The malate content decreased with ripening in control fruit, whereas constant levels were maintained in stress-treated fruit (Fig. 4B) .
Corresponding to the levels of soluble sugars and organic acids, the accumulation of amino acids, Table 1 . Effects of salinity treatment on color and firmness of tomato fruit in the red stage.
z Control: Grown in culture medium adjusted to electrical conductivity (EC) of 2.5 dS/m from flowering to harvest. Salinity: Grown in culture medium adjusted to EC of 8.0 dS/m using NaCl from flowering to harvest. y Each value represents the mean ± SE (n = 8).
x Different letters within columns indicate significant differences (Fisher's probable least-squares difference test, P = 0.05). especially glutamate and γ-amino butyric acid (GABA), were also enhanced in stress-treated fruit in the red stage (Fig. 5) . GABA is formed from glutamate by glutamate decarboxylase (GAD), which is activated by Ca 2+ /CaM (Aurisano et al., 1995; Snedden et al., 1995 Snedden et al., , 1996 Turano and Fang, 1998) and acidic pH (Johnson et al., 1997; Snedden et al., 1996) . Although salinity stress increased the acidity of the fruit, as described above, we could not determine whether it directly enhanced GABA accumulation because it has been reported that the cellular Ca 2+ level generally increases with salinity stress in plant cells (Sanders et al., 1999) . Alternatively, glutamate accumulation and probably activated GAD would promote GABA formation and accumulation in tomato fruit in response to salinity stress. These results indicate that salinity stress enhances metabolic flow from the glycolytic pathway to the citric acid cycle and also influx to amino acid biosynthesis. These metabolites likely function as osmoprotectants in the cells of saltstressed fruit. Because sucrose, citrate, and glutamate are important factors comprising the taste of tomato fruit, the accumulation of these components will improve the flavor, as well as the nutritional status.
Physiological alterations observed in salt-stressed fruit involve changes in the corresponding gene expression We initially screened salinity-stress-responsive genes using a cDNA macroarray, which included 4227 EST clones isolated from leaves and fruit of tomato 'Micro Tom' using mRNA from stress-treated and control fruits at 21, 35, and 49 DAF (data not shown). A total of 72 EST clones were screened as salinity-responsive genes, which were up-regulated by more than 1.5 times or down-regulated by less than two-thirds compared to the controls as a result of salt stress. We found no genes showing dramatic changes in expression in response to salinity, likely because of the long-term and moderate stress treatment. Among the salinity-responsive clones, 13 genes, including 7 carbon metabolism-and 3 ripening processes-related genes were selected and subjected to Northern blot analyses. In the results, 6 genes showed good reproducibility of the array analyses. The expressions of the genes are shown in Figure 6 . Transcriptional levels of Le-ACO1 and Psy1 increased with fruit ripening and were apparently up-regulated at 35 and 49 DAF, whereas that of Cab-1B was downregulated at 35 DAF in response to salinity stress (Fig. 6) . Le-ACO1 catalyzes a final step in the ethylenebiosynthetic pathway. Psy1 is a key step for carotenoid formation in ripening fruit. These data were consistent with the observation of high pigment accumulation (Table 1) and earlier ripening in salinity-stressed fruit. De Pascale et al. (2001) reported that moderate salinity raised carotenoid levels in tomato fruit to a greater extent than expected from the concentration effect alone. Our data indicate that these physiological alterations involved changes in the corresponding gene expression.
The transcriptional level of PEPCK also increased in salinity-treated fruit (Fig. 6 ). PEPCK has been proposed . Effect of salinity stress on amino acid content in red fruit. "Glu" and "GABA" indicate glutamic acid and γ-aminobutyric acid, respectively. Vertical bars represent SE (n = 3). Different letters indicate significant differences (Fisher's probable leastsquares difference test, P = 0.05).
to be involved in the metabolism from malate to phosphoenolpyruvate, followed by gluconeogenesis (Knee and Finger, 1992) . Bahrami et al. (2001) isolated the gene from tomato and showed that its expression increases during ripening. Although previous labeling studies have demonstrated that gluconeogenesis occurs in ripening tomato fruit (Farineau and Laval-Martin, 1977; Halinska and Frenkel, 1991) , and cold-inducible PEPCK was reported in rapeseed (Sáez-Vásquez et al., 1995) , its regulation in response to abiotic stress is not fully understood in plants. Our data suggest that salinity stress enhances gluconeogenesis, as well as metabolic flow in ripe fruit, resulting in high-Brix fruit. Many Ca
2+
-dependent genes, such as calciumdependent protein kinases and calmodulins, were upregulated in salt-stressed fruit in our array analyses (Matsukura, unpublished data). Because many sugar and amino acid metabolic enzymes, such as sucrose synthase, α-amylase, and GAD, are activated in a Ca 2+ -dependent manner, it would be worthwhile to clarify posttranscriptional and post-translational regulation of these genes by salinity stress in future work.
Stress-responsive genes are up-regulated in salt-stressed fruits The cDNAs encoding a metallothionein and a putative lectin protein were also up-regulated under salinity stress (Fig. 6 ). Both proteins are extensively distributed in various organisms, including plants. Metallothioneins are cystein-rich, low-molecular-weight proteins with a high metal-binding capacity and are thought to be involved in metal uptake and detoxification in animals and fungi (Hamer, 1986) ; however, the physiological function of these proteins has not been fully understood in plants. As a result of sequence alignment, our cDNA was identical to LeMT B (Whitelaw et al., 1997) , referred to as LeMT1 (Giritch et al., 1998) , which was isolated from tomato and classified into class II metallothioneins. Giritch et al. (1998) reported that this gene was preferentially expressed in leaves, flowers, and unripe fruits and was regulated by heavy metals. Because abiotic stress, including salinity, drought, wounding, and heat shock, also influence metallothionein gene expression in other plants (Akashi et al., 2004; Choi et al., 1996; Hsieh et al., 1995; Robinson et al., 1993) , these proteins should be involved in the stress response, as well as in metal transport and homeostasis. In this analysis, LeMT B was also up-regulated by salinity in red tomato fruit, supporting previous studies.
Lectins are carbohydrate-binding proteins that specifically and reversibly bind glycoproteins, glycolipids, and polysaccharides (Goldstein and Hayes, 1978) . It is interesting that lectin was up-regulated by salinity and specifically expressed in fruit at 35 DAF (Fig. 6) . As a result of sequence alignment, our cDNA was identical to cLET21N20 (Peumans et al., 2003) , which was isolated from tomato leaves treated with various disease elicitors; however, detailed expression profiles of this gene, such as tissue specificity and stress response, have not been reported, although the putative protein structure of cLET21N20 has been analyzed (Peumans et al., 2003) . Lectin shared common structures with other Solanaceae lectins, which consist of two homologous chitin-binding modules. Tomato lectins are largely contained in the placental tissue of ripe fruits (Merkle and Cummings, 1987; Nachbar et al., 1980) and are widely used as reagents in glycobiological studies. Although they have been thought to play roles in self-defense systems against plant diseases (Chrispeels and Raikhel, 1991) , their function is not fully understood. Our Northern blot data suggest that lectin was involved in the process of fruit development, rather than in self-defense, because it was expressed in a stage-specific manner. To clarify the function of lectin and metallothionein during fruit development, loss-of-function analysis using anti-sense or knockout transgenic plants is needed.
In conclusion, moderate salinity stress in tomato during fruit development promoted metabolite accumulation and increased fruit firmness, resulting in an improvement in fruit quality. Alterations in the color, taste, texture, and nutritional properties will increase the value of tomatoes in the consumer market. To date, the observed phenomena have only been explained as a concentration effect caused by the reduction of water in fruit as a result of salinity stress; however, we demonstrated that these phenomena were also caused by the activation of carbohydrate metabolic pathways involving changes in the corresponding gene expression.
